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We measured the anisotropy of the cosmic background radiation at the angular scale of 2' in the
millimetric wavelength region, in the course of the NASA-ESA ASSESS II Mission. We set upper limits on

the anisotropy in several sky regions, the most stringent one being hT/T&3)&10 at one standard
deviation. Cosmological consequences of this measurement are discussed. Anisotropies as large as
hT!T = 7X 10 ' have been detected close to the galactic plane, and we tentatively interpret them as
galactic dust emission.

I. INTRODUCTION

Since the discovery of cosmic background radia-
tion' considerable effort has been expended~" to
detect its anisotropies at angular scales 8~ 1'.
The detection of small-scale anisotropies would be
of cosmological interest, since they should carry
information about the primordial perturbations of
matter (sound waves and whirl motions)" "from
which galaxies, clusters, and superclusters are
supposed to originate, "and about metric pertur-
bations (gravitational waves) extending over cos-
mological distances. ' ' ' No measurement of the
cosmic background (CB) anisotropy has been per-
formed at intermediate scales, namely 1'&8&180'.
Although estimates of the cosmic background an-
isotropy at scales less than 180' may be inferred
from previous large-scale measurements" they
turn out to be of the order &T'/& - 10 ' at angular
scales of 10'. Since the characteristic length of
the corresponding perturbations (alO' Mpc at the
present epoch) is larger than the typical scale of
rich clusters, such anisotropies are not likely to
give us information on the early history of the ob-
served bound systems. However, it has been re-
cently claimed" that there is indeed astronomical
evidence for the existence of structure at scales of
-500 Mpc, larger than suspected so far, so that
we are compelled to check whether CB anisotrop-
ies exist at the corresponding angular scales.
Moreover, the detection of such anisotropies would
be of special importance for the following reason.
If the proper length of perturbations was larger
than the optical horizon at the recombination of
the primeval plasma, i.e., at red-shift s =10', the
primordial perturbation spectrum was not affec-

ted by dissipative processes throughout the plasma
era. Assuming that the last scattering of the CB
photons occurred at red-shift =10', the radiation
anisotropy should give direct information on such
primordial spectrum at a,ngular sca,les 8~ 2&0' ',
where ~0 is the usual density parameter. Thus
measurements at scales larger than -1' would
give us information about the state of the universe
at the very beginning. According to the "philoso-
phy" of chaotic cosmology, "causally unconnected
regions of space shouM exhibit physical para-
meters widely different from each other. There-
fore one would expect to find CB anisotropies re-
sulting from large perturbations at 6&1'. Strin-
gent upper limits on the background anisotropy at
such scales would constitute a strong argument
against chaotic cosmology. 2'

Even if the radiation distribution turns out to be
highly isotropie at all scales, the spectrum of the
anisotropy (considered as a function of scale) may
have some structure, showing the influence of dis-
sipative processes at lower scales. If the CB
radiation was scattered by a reheated plasma at
red-shifts ~ =13, ' ', the anisotropy at scales of
a few degrees wouM carry information about the
structure of the cosmological matter at relatively
low red-shifts; however, at scales 8~20'~, ' '
one would certainly observe the spectrum of the
primordial perturbations. A detailed investigation
of the angular anisotropies in the 1'—20' range
might enable us to decide on the epoch at which the
radiation began to propagate freely. This is still
a fundamental unanswered question in cosmology. ~

In the present paper we describe a measurement
of the CB anisotropy at =2', in the 500—20o0 pm
wavelength range. The convenience of performing
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measurements in the millimetric region should be
emphasized. ' The use of broadband detectors and
the existence of a maximum of the differential bri-
ghtness near 1 mm allows a sensitivity of order
10 4 with a reasonable integration time. However
an important limitation of infrared (IR) measure-
ments of the CB anisotropy could be 1ocal emis-
sion in our galaxy. " The IR radiance of molecular
clouds has been found ' 9 to be of the order of
10 % cm sr at galactic longitude ranging be-
tween -10' and +55'. However the contribution of
dust clouds to the background anisotropy in the
500-2000 pm range is under question. ' Extensive
investigations at several galactic latitudes are
desirable in order to be able to separate cosmo-
logical anisotropies from dust emission. A few
signals detected close to the galactic plane can be
tentatively interpreted as dust emission. This
point is discussed in See. III.

The experiment was performed on board a NASA
Convair 990 during the ASSESS II Mission. The
measurements and the in-flight calibration were
done in the course of 10 flights in May and June
197'7. The choice of on-board operation was dic-
tated by the following reason: Atmospheric spuri-
ous signals at e =2' are more important than at
1-30 arc min, ' and even if very dry sites are cho-
sen for ground-based experiments it is quite diffi-
cult to obtain satisfactory results. " However,
changes in the flight route direction limited, in our
ease, the available time to about 20 min for each
observed sky region.

The measurements allowed us to set upper lim-
its on the CB anisotropy ranging from &&/&& 10 '
to &T/T & 3 && 10 ' in various spots of the sky. Dis-
regarding the measurements in zones very close to
the galactic plane, no evidence of anisotropy has
been found. The cosmological consequences of the
present results are discussed in See. IV.

II. INSTRUMENTATION

The instrument employed in the present experi-
ment is an airborne version of the radiometer pre-
viously used in high-mountain observations of the
CB spectrum. " It consists of the following main
parts (see Fig. 1):

(1) A wobbling mirror, capable of switching a
2'x 2'beam at a frequency of 20 Hz. The ampli-
tude of the sinusoidal mirror oscillation is 2', and
the plane of vibrations can be rotated with respect
to the horizon in order to minimize the atmospher-
ic gradient. .The radiation coming through an air-
craft window is reflected into the wobbling mirror
by a flat mirror, gyrostabilized to within a few
seconds of are.

(2) A helium-cooled Germanium bolometer (of
area 1 cm') coupled to an optical system having a

(

5

FIG. 1. Sketch of the infrared airborne radiometer.
(1) Wobbling mirror, (2) chopper for absolute measure-
ments, (3) beam splitter, (4) fixed mirror, (5) moving
mirror, (6) liquid helium bolometer, and (7) pumping
line for liquid helium.

field of view of 2'X2 (at 801o of maximum) de-
fined by a set of diaphragms. The optics consists
of a f/4 TPX lens and a copper cone. At the bot-
tom of the cone the bolometer is located in an in-
tegrating hemisphere. The throughput of the sys-
.tem is 6 X10 ' cm' sr, and the noise equivalent
power (NE&) about 5 && 10 "W Hz ' '

(3) A double-lame reflecting chopper for abso-
lute calibration and atmospheric measurements,
rotating at a frequency of 20 Hz. The chopper does
not operate in the course of the CB measurements.
It is used to compare the atmospheric emission
with a reference source at room temperature and
at liquid-nitrogen temperature.

(4) A Michelson interferometer with a mylar
beamsplitter operating in the 400-3000 pm range.
The moving mirror of the interferometer is moun-
ted on a Leitz stepping-motor' screw. The inter-
ferometer can operate automatically in a continu-
ous manner, at a sample rate of 150 pm, pro-
ducing a 10-cm interferogram every 3 min. The
efficiency of the interferometer is about 10%. We
used the interferometer only for the study of the
atmospheric spectrum.

(5) The electronic channel consists of a 10' X
amplifier, two lock-ins with a relative phase shift
of 90', and the on-board facilities of the ADDAS
system, which allows AD conversion and magnet-
ic storage of data. We used two phase-shifted
lock-ins both for reliability and in order to dis-
criminate the sky signals from the noise of the
apparatus following the lock-ins.

Each set of observations consisted of the follow-
ing steps:

(a) in-flight calibration with VV K and 300 K
blackbodies,

(b) spectral calibrati. on,
(c) measurements of the atmospheric emission

spectrum,
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(d} measurements of the CB anisotropies,
(e) measurements of the atmospheric emission as

in (c),
(f) spectral calibration as in (b).
The instrument was calibrated at ground and in

flight with the following procedure. Keeping the
wobbling mirror fixed and rotating the chopper we
measured the difference between the radiances of
a 297—K blackbody (a large piece of ecosorb} and

a 77-K blackbody. We found that the broadband
responsivity of the instrument is

S=1.68+0.12 p,P/K, 400 p &&&2000 p, .
The spectral responsivity was measured by opera-
ting the Michelson interferometer into the instru-
ment optics. Spectral elements of 0.1 cm ' were
observed (see Fig. 2). No appreciable change of
responsivity was found in the calibrations, which
were repeated during each flight. During the last
two flights we were able to observe the Sun in or-
der to determine both the angular response and the
responsivity ~ of the system with the wobbling mir-
ror operating. The angular response is shown in
Fig. 3. The responsivity S is consistent with that
measured by means of the rotating chopper if we
assume a solar temperature of 4500 K. The solar
temperature in the far infrared is not known with
high accuracy, but the value assumed here is con-
sistent with the convolution of the HSHA model, "
with the spectral responsivity of our system, and

with data obtained by Dali'Oglio et al."and Muller
et al." A detailed spectral computation. of the so-
lar emission in the far infrared will be published
elsewhere.

Two important sources of noise are encountered
in airborne operations, i.e. , electrical noise and
mechanical noise. The electrical noise has been
reduced to a negligible level by carefully isolating
the liquid helium Dewar from the base plate. The
mechanical noise has been found to be very impor-
tant at the lock-in demodulator. . After a careful
selection of the less microphonic lock-ins we were

10
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FIG. 2. Transmittance of the filters employed in the
present experiment. The responsivity of the bolometer
is almost flat up to 1.5 mm of wavelength.

-15 mV
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FIG. 3. , Typical sun transit showing the angular re-
sponse of the instrument for a 0.5' source.

able to reduce it to a reasonable level, although
one of our lock-ins was more noisy than the other
by a factor of 3. During the flights the field lens
was covered by an opaque screen of ecosorb pro-
ducing a blackbody cavity at ambient temperature,
and the detector noise was recorded in such condi-
tions for a time comparable with the observation
of a single sky region (see the next section).

HI. DATA ANALYSIS

Useful data were obtained in all of the 10 flights.
However, we limit our analysis to the sky regions
explored long enough to give significant informa-
tion about the sky roughness. Somewhat arbitrari. -
ly, we pick up the regions where the observing
time was long enough to reach a sensitivity dT/T
&10 '. Since the direction of motion of the airplane
was often changed for the requirements of other
on-board experiments, we could reach the above
level of sensitivity only in flights 8 and 4 (May 18
and 19, respectively). The data collected during
other flights were extremely useful to calibrate
and test the instrumentation. We obtained more
than one hundred atmospheric spectra and about
fifty solar spectra. The analysis of data has been
done as follows.

First the data were visually inspected to pick up
the large spurious signals. These have been found
to be correlated with important movements of the
airplane, and have been eliminated simply by dis-
regarding the data collected a few seconds before
and after the airplane movements. Owing to the
large oscillation amplitude of the wobbling mirror,
it was impossible to avoid the presence of a con-
stant offset in the output signal. In order to sepa-
rate the offset fluctuations from the real sky sig-
nals we used a sinusoidal modulation and two lock-
ins (90' apart in phase) which, respectively, mini-
mized and maximized the offset. Any change in the
first lock-in accompanied by a much larger change
in the second one may be reasonably attributed to
offset fluctuations. Fortunately, the offset re-
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mained very stable, and the detector noise was
essentially the same as the one measured with an
opaque screen covering the field lens.

The next step in the data analysis was the collec-
tion of data in "regions", each of them being char-
acterized by a constant airplane direction and by
an observing time long enough to observe various
adjacent 2'x 2' sky spots. The optimal regions
were observed for about 20 min. , corresponding
to a, set of 150 data. We found five useful regions
in flight 3, and three useful regions in flight 4.
The data in each region were then averaged over
8 min. (that is, over angles of 2'}. At this stage
the data consisted of the detector output after syn-
chronous demodulation (in volts). The detector
output can be expressed as

S =RT„T~(I„(1)+I~(1)+I~(1)

—[I (2)+I (2) I (2)]]+$ . (1}

In this equation & denotes the responsivity, &„ the
atmospheric transmittance, && the transmittance
of the airplane window (Fig. 4), I„ the atmospher-
ic radiation, I& the CB radiation, i~ the local ra-
diation spuriously reQected into the detector
beam, and (1}and (2}denote two adjacent beam
positions in the sky. ~~ is the detector intrinsic
noise, which in our case coincides with the noise
recorded when the detector is pointing at a room-
temperature blackbody. The CB anisotropy is
given by

v~' = —,
' var[I~(1) —I~(2)],

whereas —,
' var[I„(l) —I„(2)] and —,

' var[I~(1) —I~(2)]
are the atmospheric and local noise, respectively.
The radiation emitted by the interior of the air-
plane is partially reflected by the airplane window
into the field of view of the detector'. As the wob-

70-

bling mirror oscillates it explores different parts
of the airplane, producing a spurious signal. 'The

same effect arises if the mirror oscillates in such
a way as to detect a gradient in the atmospheric
emission. 'The total offset can be canceled with an
appropriate choice of the oscillation direction.
However, offset fluctuations would appear as a
noise excess which may simulate a CB anisotropy.
The local contribution is almost the same at
ground and in flight, while the atmospheric con-
tribution changes substantially. After careful
shielding of the instrument the local noise has been
found to be undetectable. The atmospheric noise
at airborne altitude has been studied at shorter
wavelengths" and a rough extrapolation suggests
that it should be negligible. In fact during the
flight we clearly detected an excess of atmospher-
ic noise only in the presence of stratospheric
clouds, whose spectra will be published else-
where. Therefore both local and atmospheric
noise were generally negligible, and the CB aniso-
tropy is given by

(2)

Various methods have been proposed in the lit-
erature in order. to subtract the detector noise,
but all of them require a considerable amount of
data. In our case it was preferable to give as an
upper limit the total variance

sa~'= —,
' var

RT~Tw
(3)

To be very precise, the responsivity appearing in
Eq. (3) is expected to be smaller than the one we
measured in the laboratory by means of the ex-
tended blackbody because of the partial beam
overlap in the differential measurements. Calcu-
lations made using the beam profile show that the
correction is certainly smaller than 18%. Note
also the consistency with the in-flight calibration
where the Sun was used as a standard source. The
intrinsic noise of the detector, measured in the
laboratory by covering its field lens with an am-
bient-temperature blackbody, is

S~=17.5+ 0.5 nVHz

and corresponds to the noise equivalent tempera-
ture

NFT =g8y06 mKHz ~ at &=3 K.

5 10 15 20 25 30 35 40 45 50 55 00 v ~ '

FIG. 4. Transmittance and reflectance of the airborne
polyethylene window. No difference has been found be-
fore and after exposure to solar UV radiation, although
the color changed significantly in the visible.

However, the noise during the flight was greater
than this value owing to the detector microphonics
and to the noise excess found in one of the lock-
ins. In about 20 min. of observation we were able
to reach a sensitivity &T/T =6 && 10 ' in flight 3,
and 3 & 10 ' in Qight 4 at one standard deviation.
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TABLE I. Data of Qight 3.

Region
Tlm e
(m. in) (deg)

Number of useful
points

~r/v
at 10

0
8

16
24
32
40
48
52
60
68
74
82
90

98
106
114
122
130
138

4.22
4.37
4.58
5.51
5.92

27.17
27.91
29.18

-16.97
-17.47
-18.27
-19.60

6.84
5.88

-36.61
-37.29
-37.69
-38.21
-38.91
-39.54

7.57
7.70
7.83
7.91
7.89
8.53
8.85
9.22

19.51
19.57
19.63
19.76
21.77
21.86
IS.56
18.55
18.59
18.59
18.59
18.49

192

130

156

101

158

5 x10&

6 x10&

5.5 x 10+

6.7 x 10&

9 x 10&

The data, corrected to temperature fluctuations
through the on-board detector responsivity, are
shown in Tables I and II. .

First, let us discuss the results in region 5 of
Qight 3 and region 3 of flight 4, where the variance
is much larger than the detector noise. The two
sky regions are very close together, and at a dis-
tance of only a few degrees (2' and 3', respective-
ly) from the galactic plane. These facts suggest
that the effect is real and related to dust emission.
This point deserves more attention, since galactic
emission may be a serious problem in CB mea-
surements. Weiss27 suggested that CB anisotrop-
ies cannot be easily discriminated from dust emis-
sion in the millimetric region. Although we have
only few data relative to one sky region, we shall
try to obtain information on the spatial and spec-
tral distribution of grain emission in the far infra-
red. Hyter et al."proved that dust in the galactic

plane emits radiation between 50 and 200 p, m,
thereby producing a significant background over
spatial dimensions of at least 0.V'. At the same
galactic longitude of our observations but in the
galactic plane Pipher" found a background of
7 && 10 ' W cm ' sr ' at 3.00-200 pm. Almost in
the same direction Smoot et al.2' found a tempera-
ture excess of l mK at a wavelength of 0.9 cm.
Despite the differences in spectral regions and
beamwidths let us try some comparisons. If the
extension of the dust zone is.about I', then
Smoot's observation implies an absorption index
n&1, which is rather surprising for interstellar
grains (1&n& 3). However, the signal at 0.9 cm
may be due to synchrotron emission. If, on the
other hand, we normalize the data of Pipher
to our wavelength band and assume that the emis-
sion is extended over at least 1' outside the galac-
tic plane, comparison with our data gives n ~ 2. If

TABLE H. Data of Qight 4.

Region
Time
(min) (deg)

Number of useful
points

0
8

16
24
32
40
48

' 56
-64

43.31
42.04

-34.87
-33.24
-36.88
-37.44
-38.16
-38.65
-39.21

20.84
21.24
15.35
15.11
18.70
18.62
18.61
1S.67
18.68

100

100

200

2.7 x 10&

x ].0&

6.8 x 10
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we assume a more conservative value n =1.5, dust
emission 2' outside the galactic plane is at least
four times smaller than in the plane itself. A
rough extrapolation leads us to the conclusion that
at a galactic latitude of 10' the contribution of dust
to the background anisotropy in the millimetric
region should be smaller than 10 4 K. Higher val-
ues of n imply smaller contributions at such longi-
tude. Although a map of our galaxy in the milli-
metric region is required in order to reach con-
vincing conclusions, our considerations suggest
that the CB anisotropies at 1 mm can probably be
investigated at high levels of sensitivity.

Regions 1-4 of flight 3 and regions 1 and 2 of
flight 4 show variances consistent with the detec-
tor noise. Therefore, atmospheric noise (if any)
and CB anisotropies are smaller than this. The
best of the results in Table I gives an upper limit
on the CB anisotropies &T/T&3x10 ~ at 8=2'.

IV. DISCUSSION

In this section we shall discuss the cosmological
implications of the upper limit

aT/T & 3 x 10 ~, (4)

c
«2 x10-3g ~~2

P (2g 3]'2

(case HI),

which has been established at 8 =2 and one stan-
dard deviation, for the CB anisotropy. As antici-
pated in the Introduction, from (4) we are able to
derive upper limits on the amplitude of density
Quctuations, whirl motions, and gravitational
waves at a scale of -10' && 00 ' Mpe. Different lim-
its can be established depending on the red shift
at which the background radiation ceased inter-
acting with matter. Therefore we shall consider
two cases: (i) The optical depth of the cosmologi-
cal plasma due to the secondary ionization (re-
heating) was 7~& 1, so that the last scattering of
most of the CB radiation occurred at the recombi-
nation of hydrogen, red-shift z = 10' (case HI); (ii)
The optical depth was ~~&1 and the last scattering
occurred at z =13Q, '~' (case HII). The latter al-
ternative is possjble if the reheating took place at
rather early times. I et u= consider separately the
kinds of perturbations mentioned above.

a. Density perm bations. The inQuence of den-
sity waves on the CB anisotropy has been dis-
cussed by various authors, who consider Doppler-
shift effects"'" and gravitational-potential ef-

. fects.""""From their results and the present
upper limit, which we shall take at three standard
deviations (nT/T &10 '), we get

4Q,"'
I, P

(case HII),

«5 x 104' 1/2Ii-
l

H'-—«2x10- 0
0

(ease HI),

H
~«1 x 10-2Q0

l

(case HII),0( 3 g 10 3Q 5/3a-
0

(8)

where ~ is the vorticity of matter and H the Hub-
ble constant. Thus the global velocities of matter
at scales Lp 10 &0 ' Mpc should be smaller than
g =5 && 10 '00' 't.". The number of revolutions per-
formed by a matter vortex since the big bang is
n = a&*/H*, where v* and H* are calculated at the
epoch when the densities of matter and radiation
equalize, namely at a*=104Q, . Since co*/H*
= 10'Q, '~'a&, /H, from Eq. (8) we find that the total
number of revolutions is less than -002 at the
scale 10'Qo ' Mpc. If Eq. (7) applies, then n & 2
X 10 300 . In any ease the vortieity of matter is
small at the present epoch. For typical cosmo-
logical observers the Mach principle should be
satisfied at such sca1es at least up to rotations
e,- 10 'Q '~ 'oarcsec/century. This limit does not
apply to an earthly observer, if the vorticity in
our neighborhood is not a typical one. An upper
limit on the local vortieity ean be obtained direct-
ly from measurements of the large-scale aniso-
tropy of the CB radiatj. on. 38

where &p/p is the amplitude of the density con-
trast; here and henceforth the subscripts, and,
denote the present epoch and the last scattering
epoch, respectively. The limit we can set on
(d p/p), is not very stringent if Q, =1. However,
the value ~0=0.1 is preferred for the reasons
given by Gott et a/. " In such a case we would con-
clude that (&p/p), & 0.1 at scale L, = 10' Mpc. This
result does not exclude the existence of super-
clusters, although it does not seem to be compati-
ble with inhomogeneities as large as claimed by
Chincarini. " Moreover, it clearly argues against
the ideas of chaotic cosmology.

b. Whirl motions. Vortex perturbations should
obviously affect the CB isotropy through Doppler
shift. From the result of Anile and Motta" we get
in the present case the upper limits
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c. G~avitationat. '~aves. Simple expressions re-
lating the CB anisotropy to the amplitude of low-
frequency gravitational waves can be derived from
the integral expression of Ref. 20. Since explicit
results have not yet been given in the literature for
Q, gl Friedmann models, we shall give them here
We have (cf. Ref. 21)

AT HQ, a—= Qoz, 2
' I., = Qoz, ho (case HI),

Qz
l

'PP~~ @ (case Hll)

where h and I- are the amplitude and wavelength,
respectively, of the gravitational wave and N is the
number of wavelengths contained in the Last-scat-
tering thickness. From Eqs. (9) and (10) we find

I

(11)
ho~ 1 x10-'g, -'

(5)—(12) altogether, we can conclude that the uni-
verse was very regular at the last-scattering epoch
at a scale slightly larger than the optical horizon.

V. CONCLUSION

According to the present measurement, the CB
anisotropy is very small even at a scale 8 =2,
where primordial (z & 10') dissipative phenomena
played no role. This suggests that the CB aniso-
tropy may be extremely small at all scales (ex-
cept the dipole scale). The universe looks very
regular at large scales.

The necessity of reaching a level of sensitivity
of 10 ' seems to be cogent. Fortunately, accord-
ing to our results the main obstacle for millimet-
ric measurement at such a level of sensitivity,
i.e., the galactic background, seems to be not so
serious, if one takes care to avoid sky regions
close to the galactic plane.

I (Qx10 3Q 1/3

(case HII) .
h, » 4 x10-4g -~~3

(12)

%e can conclude that at scales Lo 10 ~p Mpc the
gravitational wave amplitude is h, &10 . This im-
plies that the equivalent mass density is less than
10 'p„where p, = 5 x 10 '

g cm ' is the critical
mass of the Friedmann cosmology. By taking into
account also upper limits obtained at other
scales, '""we conclude that long-wavelength
gravitational radiation does not play a relevant role
in the global dynamics of the universe at the pre-
sent epoch. Considering the limits given by Eqs.
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